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The assessment of eutrophic conditions is a formal requirement of several European
Directives. Typically, these eutrophication assessments use a set of primary indicators
which include dissolved inorganic nutrients, chlorophyll, dissolved oxygen and secondary
information such as phytoplankton community data. Each directive is characterized by a
different geographical or political boundary which defines the area under assessment.
Several disparate sources of data from the Thames estuary and Liverpool Bay in
the United Kingdom collected from different monitoring programs were combined to
generate a fully integrated dataset. Data sources included remote sensing, ecosystem
models, moorings, freshwater inputs and traditional ship surveys. Different methods
were explored for assigning ecologically relevant assessment areas including delineation
of the assessment area based on salinity, extent of the river plume influence and
ecohydrodynamic characteristics in addition to the traditional geographically defined
typologies associated with the different directives. Individual eutrophication indicators
were tested across these revised typologies for the period 2006–2015, and outcomes
of the different metrics were compared across the river to marine continuum for
the two UK areas. There have been statistically significant decreasing trends in the
loads of ammonium, nitrite and dissolved inorganic phosphorous between 1994 and
2016 in both the Thames estuary and Liverpool Bay study areas but no statistically
significant trends in loads of nitrate or dissolved inorganic nitrogen. There have been
statistically significant increases in riverine nitrogen:phosphorous between 1994 and
2016. Nutrient concentrations exceeded assessment thresholds across nearly all areas
other than the large offshore assessment areas, and outcomes of the chlorophyll
metric were often below assessment thresholds in the estuarine-based areas and the
offshore areas, but exceedances of thresholds occurred in the near coastal areas.
However, trait-based indicators of phytoplankton community using functional groups
show changes in plankton community structure over the assessment period, indicating
that additional metrics that quantify community shifts could be a useful measurement to
include in future eutrophication assessments.
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INTRODUCTION
Coastal marine ecosystems have been impacted globally by a
range of anthropogenic activities including elevated inputs of
nutrients (Jickells, 1998; Conley et al., 2009; Rabalais et al.,
2009). Inputs of nutrients from direct discharge of waste
water and diffuse sources including agricultural runoff and
atmospheric deposition have led to many regions experiencing
eutrophication, which includes undesirable changes in the
marine ecosystem including increased primary production,
accumulation of organic matter and an associated decrease
in oxygen concentration (Nixon, 1995, 2009; Cloern, 2001;
Cloern and Jassby, 2010; Breitburg et al., 2018). Coastal
eutrophication is likely to continue into the future due to the
increasing use of fertilizers, discharge of human waste and
hydrologic modifications, with these impacts exacerbated by the
warming climate (Rabalais et al., 2009; Seitzinger et al., 2010;
Paerl et al., 2014).
Humans have significantly altered the balance of the nitrogen
(N) and phosphorous (P) cycles which has led to documented
changes in riverine and coastal N:P ratios with potential
consequences for marine phytoplankton communities, including
altered species composition and reduced biodiversity (Turner
et al., 2003; Philippart et al., 2007; Grizzetti et al., 2012; Paerl
et al., 2014; Burson et al., 2016). Nutrient inputs to riverine and
coastal systems may come from diffuse sources (e.g., agricultural
run-off and atmospheric deposition) and point sources (e.g.,
sewage treatment and industrial discharge). Measures to reduce
nitrogen and phosphorous inputs are frequently more successful
at reducing a single source of nutrients via targeted policies
rather than all nutrients and it is recognized that parallel
reductions in both nitrogen and phosphorous inputs are required
to reduce coastal eutrophication and the impacts associated with
a changing nutrient regime (Conley et al., 2009).
In Europe, environmental directives exist for assessing the
status of freshwater, coastal and marine environments. These
include the Nitrates Directive (EC, 1991), Water Framework
Directive (WFD, see EU, 2000) and more recently, the
Marine Strategy Framework Directive (MSFD, see EU, 2008).
Agreements on eutrophication assessments have also been made
under the Oslo and Paris Conventions for the Protection of the
Marine Environment of the North-East Atlantic (OSPAR, see
OSPAR, 2013) and the Baltic Marine Environment Protection
Commission-Helsinki Commission (HELCOM, see Andersen
et al., 2011). These environmental frameworks are used for
making harmonized assessments of marine eutrophication
through the assessment of several key criteria which detail the
cause and impact of increased nutrient delivery. Whilst each
directive or process is different in terms of scope, assessment area
and integration rules, there is a set of common indicators across
all the directives. These common or “primary” indicators include
dissolved inorganic nutrients, chlorophyll-a, phytoplankton
abundance and dissolved oxygen to assess conditions relative
to thresholds identifying an accepted ecological state (Devlin
et al., 2007a, 2011; Foden et al., 2011; Tett et al., 2013). Each
directive typically relates to the assessment of criteria within a
set of geographical or political boundaries which do not always
represent an ecological boundary. These geographical constraints
can mean that assessments are not always coordinated across
a river to coast continuum, making it difficult to align with a
program of measures that can be developed through the river
basin management plans (UK Gov, 2016).
Within the United Kingdom (UK), there are several national
agencies with responsibility for collecting data and reporting on
the assessment of coastal and marine environmental status under
the requirements of the WFD, OSPAR Common Procedure
(OSPAR CP) and the MSFD. To date in the UK, assessments
under the WFD and OSPAR have been made separately based on
geographically defined regions (Foden et al., 2011; UK National
Report, 2017), which does not necessarily provide a coordinated
assessment across a river basin. WFD assessments are carried
out at a waterbody level, where waterbodies are differentiated
by estuarine and coastal typologies. Specific reference conditions
have been developed for each type of system where waterbody
type is defined by characteristics including tidal range, mixing,
exposure and salinity (Devlin et al., 2011). Waterbodies are
typically estuarine or coastal areas and range from between 0.05
and 1,200 km2. The OSPAR CP screens for problem, potential
problem and non-problem areas. The full assessment under
OSPAR CP is only applied to problem or potential problem
areas. All WFD waterbodies are designated based on the WFD
assessment criteria and processes. For the OSPAR CP reporting,
a WFD waterbody that has been designated as moderate, poor or
bad under the WFD assessment is designated as a problem area
under the OSPAR CP. The WFD data used to make the initial
WFD assessment is not included in the OSPAR assessment of the
regional seas areas.
The aim of this work was to improve our understanding
of the eutrophication status across the salinity gradient
in two study areas that receive significant anthropogenic
freshwater nutrients: the Thames estuary and Liverpool Bay
in England, by reporting individual criteria that are common
to both WFD and OSPAR, and by exploring the outcomes
of these criteria across several different assessment areas. The
Thames and Liverpool Bay marine area catchments differ
in terms of their geology, agriculture, population and land-
use, resulting in different patterns of nutrient discharge. Both
have historically received significant anthropogenic nutrient
inputs. The primary indicators of eutrophication were applied
to alternative ecologically relevant typologies in addition to
the WFD- and OSPAR-defined typologies to examine whether
changing the geographical boundaries of the assessment areas
alters the outcomes of the primary indicators. Metrics from both
WFD and OSPAR were applied to the different assessment areas
and tested over a 10-year period (2006–2015). The objective
was not to repeat or test the recent WFD or OSPAR outcomes
but to investigate the stability of the metrics as the assessment
areas are shifted into more ecologically relevant areas. Additional
reporting of state was also tested by the inclusion of community-
based indicators through the assessment of the long-term
change in functional phytoplankton life forms. The outcomes
of the metrics were also used to improve understanding of the
effects of anthropogenic nutrient loading across the river to
marine continuum.
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MATERIALS AND METHODS
Study Areas
Two study areas were selected: Thames in the south east of
England and Liverpool Bay in the north west of England
(Figure 1). In the Thames catchment, the total farmed area is
1,398 × 103 hectares, of which 12% is permanent pasture and
78% is arable land. In contrast, in the catchment area of Liverpool
Bay, the total farmed area is 940 × 103 hectares, of which 62%
is permanent pasture and 21% is arable land (Defra, 2018). The
remainder of farmed land in both catchments is used for dairy
herds, pigs and poultry. This difference in agricultural land use
contributes to different nutrient loadings between the two study
areas. Both study areas also have large centers of population
within their catchments. The population in the Thames River
Basin District is over 15 million people (Environment Agency,
2018a) and it is nearly 7 million people in the North West River
Basin District, which encompasses the Liverpool Bay study area
(Environment Agency, 2018b).
Datasets
Datasets for salinity, dissolved inorganic nutrients, chlorophyll-
a, suspended particulate matter (SPM), dissolved oxygen (DO)
and phytoplankton community in the period from 2006 to 2015,
which covered a range of spatial and temporal scales, were
compiled from different sources (see Supplementary Table 1 for
a summary) described in detail below. Trends in freshwater
nutrient inputs were assessed between 1994 and 2016 as an
indicator of long-term pressure on the two study areas.
Freshwater Flow and Inorganic Nutrient Loads
Riverine inputs of freshwater and inorganic nutrients for 1994–
2016 were processed from raw data provided by the Environment
Agency and the National River Flow Archive, with permission
from the Welsh government to use the Welsh data from these
datasets. Data for each river were calculated as the sum of river
only loads plus direct sources (sewage plus industrial discharges)
downstream of the last tidal gauge point. Loads were catchment
corrected to account for ungauged areas. Further details are given
in Lenhart et al. (2010) and van Leeuwen et al. (2015). Data for
annual loads of nitrate, nitrite, ammonium, dissolved inorganic
nitrogen (DIN) and dissolved inorganic phosphorus (DIP) were
calculated. Dissolved inorganic nitrogen (DIN) was calculated by
summing the concentrations of nitrate, nitrite and ammonium.
Annual molar ratios of DIN:DIP were also calculated. Data from
the following rivers were summed for each study area. Some
rivers include late-joining tributaries (where the river is already
tidal) or separate rivers that join in the estuary. Some rivers have
data for flow only and not nutrient loads. This detail is included
in brackets as necessary after the river name.
Thames: Thames (Beam, Beverley Brook, Brent, Crane,
Ingrebourne, Lee, Mardyke, Ravensbourne, Roding, Thames, and
Wandle), Chelmer (Chelmer and Blackwater), Colne, Medway,
Stour, Deben (flow only), Alde (Alde and Ore, flow only).
Liverpool Bay: Clwyd (Clwyd and Elwy), Alt, Conwy, Dee,
Derwent, Douglas, Ethen (flow only), Ellen (flow only), Esk (Esk
and Lyne), Kent (Kent and Beela), Leven, Lune, Mersey, Ribble
(Ribble and Darwen), Weaver, Wyre.
The yearly trends in the nutrients from both Liverpool Bay
and Thames were assessed using Generalized Additive Models
(GAMs, Wood, 2006), fitted by restricted maximum likelihood.
This approach was adopted because the trends are not all linear
and so a method that could fit more flexible trends was needed.
The fit of the GAMs is shown in Supplementary Figure 1 for
Thames estuary and Supplementary Figure 2 for Liverpool
Bay. The statistical significance of the trend was assessed using
a likelihood ratio test against the null model of no trend.
The residuals from the GAMs were checked for temporal
autocorrelation by plotting the empirical autocorrelation
function for various lags and comparing this with the values
expected if the series was uncorrelated. The residuals from these
models did not exhibit any autocorrelation and so uncorrelated
GAMmodels were used.
Ship Based Sampling—Estuarine to Coastal
Samples were usually collected at 2m depth using a CTD.
The sites are well mixed and samples from 2m depth are
considered to be representative of the surface water. Samples
were filtered for inorganic nutrient analysis (nitrate, nitrite,
ammonium, phosphate and silicate), chlorophyll-a and SPM.
Salinity and dissolved oxygen were determined using YSI
handheld conductivity and oxygen meters. Details of sample
collection and analysis are given in Kennington et al. (1999).
Ship Based Sampling—Coastal to Offshore
Samples were collected using Niskin bottles mounted on a CTD
rosette and from the non-toxic pumped supply on research
vessels for the years 2006–2015. For Liverpool Bay, research
cruises occurred, on average, eight times per year between
2006 and 2011 and on average six times per year from 2012
onwards. For Thames, research cruises occurred, on average,
eight times per year between 2006 and 2013 and on average four
times per year from 2014 onwards. In addition, samples were
collected on other ad hoc research cruises in both study areas.
Details of sample analysis and quality assurance for dissolved
inorganic nutrients are given in Gowen et al. (2002). Methods for
the analysis of dissolved oxygen, suspended particulate matter,
chlorophyll-a and salinity are given in Greenwood et al. (2010).
SmartBuoy
Instrumented moorings (“SmartBuoy”) have been deployed
in the Thames region and Liverpool Bay since 2000 and
2003 respectively (see Supplementary Table 2 for details).
The instrumentation, parameters measured and methods are
described elsewhere (Weston et al., 2008; Greenwood et al.,
2010). Daily average values for salinity, SPM, chlorophyll-a and
DO were calculated from 10-min burst measurements made
every half an hour over a 24-h period. Total oxidized nitrogen
(TOxN) was measured between every 2 h and every 4 days
depending on the instruments deployed. Data for total oxidized
nitrogen (TOxN), chlorophyll-a, DO and phytoplankton species
composition and abundance were used in this study. Seven-day
average values were calculated as SmartBuoy data is temporally
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FIGURE 1 | Location of the Liverpool Bay (left) and Thames (right) study areas with the typologies assigned.
correlated with a range of approximately 7 days (Capuzzo et al.,
2015). Ammonium (NH4) is not determined on SmartBuoy,
therefore DIN was set equal to TOxN. Historical data from
CTD and underway samples at these locations for November to
February (the assessment period for nutrients) show that TOxN
accounted for 97% of DIN at the Thames SmartBuoy and 86% of
DIN at the Liverpool Bay SmartBuoy between 2006 and 2015.
Phytoplankton
Water samples (150ml) were collected on SmartBuoys using
automated water samplers into pre-spiked bags containing
acidified Lugol’s iodine. Samples were collected weekly and
returned for analysis at Cefas when moorings were recovered
every 1–3 months. Samples were decanted from the sample
bags into 175ml glass jars and topped up with 1ml of acidified
Lugol’s iodine. A minimum of one sample per month was
selected for analysis from each deployment location where
sample availability allowed. Samples were analyzed at Cefas using
the Utermöhl method (Utermöhl, 1958) under inverted Olympus
IX71 microscopes within 1 year of collection. Species were
identified and enumerated in the samples and counts recorded
in cells per liter.
Since the inception of WFD monitoring from late 2006,
Environment Agency (EA) phytoplankton samples have been
collected from sites in WFD waterbodies from a combination of
Coastal Survey Vessels, rigid hulled inflatable boats (RIBs), and
rarely from jetties or bridges in estuaries (Devlin et al., 2012). The
frequency of sampling in WFD transitional and coastal waters
is typically one sample per calendar month from 3 to 5 sites
per water body. Ideally, samples should be 28–31 days apart
throughout the year. There must be at least a 14-day interval
between sampling occasions at each site. The phytoplankton
samples are collected from the mixed surface layer usually
between 1 and 2m below the water surface using a standard
NIO/Niskin-style water sampler, avoiding the surface film and
without disturbing bottom sediments. In coastal waters or non-
turbid waters >5m depth, where the diurnal vertical migration
of phytoplankton with light availability must be accounted for,
samples for phytoplankton were mainly collected during daylight
hours. However, for some samples, the use of integrated depth
sampling using a Lund-type tube system negated the need to
constrain the sampling window to daylight hours.
Samples of 250ml volume were collected in clear PET bottles
filled to approximately 90%, leaving sufficient headspace to allow
for preservation and homogenization. Samples were preserved
with acidified Lugol’s iodine, stored in the dark, ideally at a
temperature of 3◦C ± 2◦C for no longer than 6 months. The
samples were analyzed using the Utermöhl method (Utermöhl,
1958) under inverted microscopes. Analysis was conducted at
Cefas until 2013 then at both Cefas and an external laboratory
from 2013 onwards. One in every 30 samples was analyzed by
multiple analysts as a check for quality assurance and inter-
analyst comparability.
Satellite Suspended Particulate Matter
Spatially gridded (1.1 km resolution) monthly averages (from
daily images) of non-algal Suspended Particulate Matter (SPM)
were downloaded from the Cefas Data Hub (doi: 10.14466/
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CefasDataHub.31). This is an interpolated and merged dataset
from SeaWiFS, MODIS, MERIS and VIIRS satellite sensors. SPM
was derived using the Ifremer OC5 algorithm (Gohin, 2011) and
full processing details are given in Cefas (2016).
Biogeochemical Model (Thames Only)
Data for nitrate, phosphate, chlorophyll-a, salinity and DO were
extracted from the Cefas 50-year hindcast of the North Sea
(using the GETM-ERSEM-BFM model) covering 1958–2008 as
described in van der Molen et al. (2014) and van Leeuwen et al.
(2013, 2015) with an extension of the hindcast run to 2010.
Assessment Areas
The assessment areas tested in this work come from several
sources including the WFD typologies for transitional and
coastal waterbodies defined under (EC, 2003) and the coastal
and offshore areas described in Foden et al. (2011) for the
2009 OSPAR comprehensive assessment (COMP2). The WFD
waterbodies are split into coastal and transitional waters with
transitional waters defined as ‘bodies of surface water in the
vicinity of river mouths which are partly saline in character
as a consequence of their proximity to coastal waters, but
which are substantially influenced by freshwater flows’ (EC,
2003). WFD Coastal waters are defined as mean ‘surface water
on the landward side of a line, every point of which is at a
distance of one nautical mile on the seaward side from the
nearest point of the baseline’ (EC, 2003). These waterbodies
represent the classification andmanagement unit under theWFD
assessment approach.
In addition to these typologies, an additional three typologies
defined using ecological and bio-physical characteristics were
investigated, including (i) eco-hydrodynamic areas, (ii) salinity-
derived areas and (iii) river plume-influenced areas. The
typologies were created using ArcGIS 10.5 and exported as
shapefiles. The open-source language R and environment were
used to assign typologies to the input datasets (R Core Team,
2017). The resulting assessment areas are shown in Figure 1.
Note that the offshore areas used in COMP2 (Southern North
Sea in Thames and Northeast Irish Sea in Liverpool Bay) extend
beyond the areas considered in this study (Foden et al., 2011).
Ecohydrodynamic Areas
Ecohydrodynamic regions were identified as five distinct
hydrodynamic regimes, based on stratification characteristics
from the results of a 51-year simulation (Thames) and a
15-year simulation (Liverpool Bay) using the coupled hydro-
biogeochemical model GETM-ERSEM-BFM. The five regimes
are as follows: permanently stratified, seasonally stratified (not
applicable for the areas of interest in this study), intermittently
stratified, permanently mixed and region of freshwater influence,
or ROFI (van Leeuwen et al., 2015; Figure 1).
Salinity-Derived Areas
Salinity was used to define additional assessment areas given
its importance in determining physical conditions, biological
processes and a useful proxy to define riverine influence (Foden
et al., 2008). A combination of Cefas and EA ship data selected
between 2006–2016 and 0.5–35.5 salinity were used to interpolate
a salinity surface. Since the combined salinity dataset was
autocorrelated but not normally distributed and salinity was
expected to be similar locally, the Inversed Distance Weighted
(IDW) interpolation was selected (Stachelek and Madden, 2015).
The sensitivity analysis on the IDW input parameters was
conducted using a cross-validation dataset (10% of the input
dataset), and the surface with the lowest root-mean-square error
and absolute error was chosen. The interpolated salinity surface
was divided into three regions. The area for the region of
freshwater influence (ROFI) and a salinity range between 0.5
and 15 was 2.3 km2 and 0 km2 for Liverpool Bay and Thames,
respectively. The area for transitional waters was selected based
on a salinity range between 15 and 25 and covered 108 km2 for
Liverpool Bay and 34 km2 for the Thames. The area for coastal
waters was selected based on a salinity range between 25 and 34.5
and covered 10,820 km2 for Liverpool Bay and 4,809 km2 for
the Thames.
River Plume-Influenced Areas
The riverine plume assessment areas for Liverpool Bay and
Thames were defined by the extent of the riverine-influenced
turbidity. Whole river plumes were defined based on the mean
satellite SPM between 2006 and 2015. Transects at 10 km
intervals running from the coast toward the sea were plotted
to identify the steepest gradient in SPM with distance from the
coast as an estimate of the extent of the river plume. The value
of SPM at the point of steepest gradient was extracted (25mg l−1
for Thames and 10mg l−1 for Liverpool Bay). This threshold was
used to map out the influence of the Thames and Liverpool river
flow from the mean satellite SPM. The areas designated as plume
using this method are 5,724 km2 for Thames and 1,792 km2 for
Liverpool Bay (Figure 1).
Assessment Methods
The primary indicators for eutrophication, DIN, DIP,
chlorophyll-a and DO and the secondary indicator of
phytoplankton abundances (counts) were applied over each
assessment area, where there were sufficient data for each
parameter. Data limitations meant that not all indicators could
be run for all assessment areas. The indicators followed the
OSPAR harmonized criteria (Malcolm et al., 2002; Foden
et al., 2011; UK National Report, 2017) and the WFD nutrient
(Devlin et al., 2007b) and marine plant assessment tools (Best
et al., 2007; Devlin et al., 2007c, 2012). Data were divided
into three salinity ranges; transitional (<30), coastal (Thames
30–34.5, Liverpool Bay 30–34) and offshore (Thames ≥ 34.5,
Liverpool Bay ≥ 34) according to Foden et al. (2011). All
available data from all sources were pooled in calculations.
We recognize that in some cases this may bias results toward
more temporally or spatially rich data sources, an important
issue that relates to data aggregation which is the focus of
future research.
Degree of Nutrient Enrichment
A flowchart showing the processing steps for nutrients is given
in Supplementary Figure 3. The assessment procedures followed
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UK National Report (2017) for OSPAR and Devlin et al.
(2007b) for WFD. DIN and DIP data were selected for the
winter assessment period from November to February, inclusive
using data for the whole water column. Observations with
corresponding salinity < 5 were excluded based on the WFD
method. Data for DIN in the transitional range were normalized
based on their salinity classification to salinity 25 (transitional),
salinity 32 (coastal) and salinity 34.5 (Thames offshore) or 34
(Liverpool Bay offshore). This process involved fitting a linear
regression to the DIN vs. salinity relationship for all data within
each region and using that regression to determine the expected
DIN at the normalization salinity. The OSPAR assessment of
DIN was calculated as the normalized mean of all data for each
assessment year. The mean was compared with the appropriate
threshold; transitional waters (30 µmol l−1), coastal waters (18
µmol l−1) and offshore waters (15 µmol l−1).
Under WFD, the assessment of DIN for transitional and
coastal waters is modified where suspended particulate matter
(SPM) was >10mg l−1. If the threshold was exceeded, the
99th percentile of salinity-normalized DIN was calculated.
Waterbodies were classified by SPM as intermediate
(10<SPM<70mg l−1), turbid (70 < SPM < 300mg l−1)
or very turbid (>300mg l−1), dependent on the mean annual
SPM. The 99th percentile threshold value was calculated from
a sliding scale between these three conditions of SPM and
the maxima (99th percentile) value of annual DIN; 70, 180,
and 270 µmol l−1 for intermediate, turbid and very turbid
waters, respectively.
To provide the OSPAR assessment, the annual value of mean
salinity-normalized DIN for each assessment year is reported as
above (+) or below (–) the threshold or identified as insufficient
(?) where there was not enough data to calculate a mean.
The overall assessment for the 10-year period was made by
summing the result for each individual year and assigning a
color indicating predominantly above or below thresholds in
the results table (Table 1). The WFD assessment of DIN was
made in the same way as for OSPAR but data for all 10 years
were pooled to calculate a single mean salinity-normalized DIN.
This was compared to the same thresholds as for the OSPAR
assessment of DIN. The thresholds used for the WFD assessment
of DIN are the boundaries between good and moderate status
(Devlin et al., 2007b).
The OSPAR assessment of DIN:DIP was made by calculating
the molar ratio of all co-observed DIN and DIP data between
November and February inclusive for each assessment year. The
ratio was compared to the thresholds of >8 and <24 for all
salinity ranges. The individual year assessments were combined
as for the assessment of DIN.
Phytoplankton (Chlorophyll-a and
Phytoplankton Counts)
The assessment procedures followed UK National Report
(2017) for OSPAR and Devlin et al. (2007c) for WFD.
Flowcharts showing the processing steps for chlorophyll-a
and phytoplankton are given in Supplementary Figures 4, 5.
Assessment of coastal and offshore waters was applied in the
growing season from March to October, inclusive. In contrast,
assessment of transitional waters was applied to the full year.
For the OSPAR assessment of phytoplankton, only chlorophyll-
a was considered. The chlorophyll-a assessment for coastal
and offshore waters is the calculation of the 90th percentile
of all growing season chlorophyll-a data and reported for
each assessment year. This annual value is compared with the
appropriate threshold; coastal (15 µg l−1) and offshore (10 µg
l−1). Scoring for each year was the same as described for DIN.
For the WFD (coastal) assessment of phytoplankton in coastal
and offshore waters, the 90th percentile of all data betweenMarch
and October was calculated for the entire 10-year period, with
data first averaged monthly. This single value was compared to
the assessment threshold of 15 µg l−1. The chlorophyll metric
was then combined with the WFD phytoplankton outcomes.
For the WFD coastal metric, the percent of all taxa counts
>106 cells l−1 and the percent of chlorophyll-a observations
>10 µg l−1 were calculated. The mean of these two values was
calculated and a re-scaled metric from 0 to 1 was calculated based
on the percent exceedance (Devlin et al., 2007a). The percentages
of diatoms and dinoflagellates below a certain monthly reference
were determined. The mean of these two values was calculated
and a re-scaled metric from 0 to 1 was calculated based
on the percent exceedance. The 90th percentile chlorophyll-a
concentration was re-scaled to give a value between 0 and 1. The
mean of these three metrics was calculated and compared to the
WFD good-moderate boundary of 0.6.
The WFD transitional assessment is similarly composed
of chlorophyll-a and phytoplankton counts components. A
chlorophyll-a multi-metric for different statistical measures was
determined (Devlin et al., 2007c) by splitting the data into
two salinity ranges (5–25 and 25–30) and then calculating
the following 5 metrics, with corresponding thresholds given
in brackets: mean (<15 µg l−1) and median (<12 µg l−1)
chlorophyll-a concentrations, and the percent of observations
<10 µg l−1 (>70%), <20 µg l−1 (>85%) and >50 µg l−1
(<5%). These calculations used monthly averaged values. For
each of the 5 thresholds that was not exceeded in each salinity
class with observations from at least 10 months of the year, a
score of 1 was assigned, with the final score being the average
over the 5 or 10 metric components depending on if both high
and low salinity data are available. The resulting 0–1 metric
was not compared with a threshold but was combined with the
phytoplankton assessment.
The WFD transitional phytoplankton counts metric is
composed of two components, the percent of counts for all taxa
(combined) exceeding 106 cells l−1 and the percent of counts
for any one taxa exceeding 500,000. Both metrics were assessed
against a threshold of <20%. A re-scaled metric from 0–1 was
calculated based on the percent exceedance (Devlin et al., 2007c).
The mean of this phytoplankton metric and the chlorophyll-a
metric above were calculated and compared to the WFD good-
moderate boundary of 0.6.
Dissolved Oxygen
A flowchart showing the processing steps for DO is given in
Supplementary Figure 6. The OSPAR assessment for DO was
made for coastal and offshore waters. Data were filtered for the
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stratification assessment period (July to October inclusive) and
only data from within 10m of the seabed were used. The mean
of the lowest quartile of DO was calculated for each assessment
year and compared with the threshold>6mg l−1. Scoring for the
10-year period was carried out as for DIN.
The WFD assessment for DO was made for transitional and
coastal waters. Data for the whole year from within 10m of the
surface were used. The 5th percentile DO was calculated for
the whole 10-year period. For coastal waters this was compared
with the threshold >4mg l−1. For transitional waters, this was
compared with a variable threshold > 0.0286∗salinity + 5mg
l−1. The threshold used for the WFD assessment of DO is the
boundary between good and moderate status (Best et al., 2007).
A comparison of the OSPAR and WFD assessment methods
for each indicator is provided in Supplementary Table 3.
Representativeness of the Data
Confidence in assessment results was investigated, in part, by
the representativeness of the data for each parameter as used in
the assessment calculations over the 10-year assessment period
and the spatial extent of each typology. The calculation of spatial
and temporal representativeness followed García-García et al.
(2019) which is a modification of the method described by
Brockmann and Topcu (2014). The spatial representativeness
was assessed by dividing the assessment area into 0.12◦ (latitude
and longitude) grid cells (approximately 10 x 10 km grid) as
described in the UK National Report (2017). For some of the
smaller WFD regions, this coarse resolution means that they are
composed of only one grid cell, which was deemed appropriate
for the purposes of comparison to larger areas; a finer scale
would have required different-sized grid cells based on the size
of the assessment region and in consideration of the monitoring
program’s sampling density. The width of the temporal intervals
for the calculation of the temporal representativeness was set to 1
month following the UK National Report (2017) and which is in
line with the WFD monitoring schedule. The representativeness
was calculated by determining the number of temporal intervals
or spatial grid cells in which observations were available and
dividing by the maximum possible temporal intervals within
that assessment or spatial grid cells whose centers fell within
the assessment area. This method is more conservative than
that of Brockmann and Topcu (2014), who assigned a non-zero
representativeness to intervals without observations based on the
size of the data gap and the steepness of the gradient of nearest
available data.
Plankton Index Tool
Phytoplankton taxa names were matched to biological trait
information (Tett et al., 2007, 2008) and analyzed using the
Phytoplankton Index (PI) method (e.g., Whyte et al., 2017) in
Matlab (Tett, 2016). Briefly, lifeform data at monthly temporal
resolution are corrected for a zero value and log transformed [log
(counts + z)] and plotted against one another. For diatoms z
is set to 70 cells l−1 and for dinoflagellates, z is set to 700 cells
l−1, which approximate the limits of detection as determined
when analyzing a subsample of the original sample volume.
The distribution of data during a “reference period” in lifeform-
lifeform space is used to define a “reference envelope” containing
90% of observations. The plankton index for any comparison
dataset is then calculated as the ratio of the comparison data
points which fall within the reference envelope in lifeform-
lifeform space to the total number of compared points. A PI
value of 1–0.9 thus represents no change from the reference
period, while a PI of 0 indicates no similarities between the two
observation periods. For this study the reference envelope was
defined using data from the final 3 years of the assessment period:
2013–2015. PI values for the years 2006–2012 thus report on the
degree of change from the selected reference period. The diatom-
dinoflagellate pairing is considered in this study, referred to as
lifeform 1 (LF1).
RESULTS
Changes in Freshwater Inputs
Freshwater nutrient loads to the Thames marine area are
dominated by the rivers Thames (79.3% of total riverine DIN
load and 83% of total riverine DIP load) and Medway (13.6%
of total riverine DIN load and 10.6% of total riverine DIP load).
Together they contribute 93% of total riverine DIN and 94%
of total riverine DIP loads to the study area. In Liverpool Bay,
the river Mersey contributes the greatest proportion of riverine
DIN load (36%) and riverine DIP load (47%) but there are also
significant contributions from the rivers Ribble, Dee, Weaver,
Douglas and Clwyd. Together these six rivers contribute 82% to
riverine DIN load and 89% of riverine DIP load to Liverpool Bay.
There are large variations in annual freshwater discharge and
inorganic nutrient loads to the Thames estuary and Liverpool
Bay (Figures 2A, 3A). Between 1994 and 2016, mean freshwater
discharge to Liverpool Bay was 16.1 ± 3.0 × 109 m3 y−1
and ranged between 10.6 × 109 m3 y−1 and 21.8 × 109 m3
y−1. This is over three times greater than that to the Thames,
which has a mean freshwater discharge of 4.8 ± 1.5 × 109
m3 y−1 with a range between 2.3 × 109 m3 y−1 and 7.6
× 109 m3 y−1. However, loads of DIN and DIP are similar
between the two study areas. Loads of DIN to the Thames
marine area ranged between 23,700 and 60,500 tones (Figure 2B)
compared with between 35,800 and 58,500 tones to Liverpool
Bay (Figure 3B). In both study areas, DIN is dominated by
nitrate. Loads of DIP to Thames ranged between 2,700 and
8,000 tones (Figure 2B) compared with between 3,000 and 6,200
tons to Liverpool Bay (Figure 3B). There is strong seasonality
in freshwater discharge and nutrient loads to both Thames
and Liverpool Bay (Supplementary Figures 7, 8). Discharge and
loads of DIN and DIP are greatest in December to February and
lowest between June and September.
There have been statistically significant decreasing trends (p
< 0.001) in the loads of ammonium, nitrite and DIP between
1994 and 2016 to both the Thames estuary and Liverpool Bay
study areas (Figures 2B, 3B). There have been no statistically
significant trends in loads of nitrate or DIN. Due to the decrease
in ammonium loads, the percent contribution from ammonium
to DIN has decreased from 30 to 9% in the Thames (Figure 2C)
and from 35 to 18% in Liverpool Bay (Figure 3C). There has
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FIGURE 2 | (A) Annual freshwater discharge, (B) Annual nutrient load, (C) % contribution of nitrate, nitrite and ammonium to DIN and (D) the molar N:P ratio for
Thames study area.
FIGURE 3 | (A) Annual freshwater discharge, (B) Annual nutrient load, (C) % contribution of nitrate, nitrite and ammonium to DIN and (D) the molar N:P ratio for
Liverpool Bay study area.
therefore been an increase in the percent contribution of nitrate
to DIN from 68 to 90% in the Thames (Figure 2C) and from 63 to
81% in Liverpool Bay (Figure 3C). Nitrite contributes between 1
and 2% to DIN over the time period. The percent contribution to
total nitrate from the six main rivers to Liverpool Bay (Mersey,
Ribble, Dee, Douglas, Clwyd, Weaver) has changed over time.
The annual nitrate load and therefore relative contribution from
the Mersey has increased from 22 to 42% as the annual load
and relative contribution from the other rivers has decreased.
Nitrate loads show a strong correlation with average freshwater
flow in the Thames estuary (Figure 4A, R2 = 0.942, p < 0.001).
The correlation between nitrate load and average freshwater flow
is weaker in the Liverpool Bay study area (Figure 4B, R2 =
0.642, p < 0.001).
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FIGURE 4 | Annual nitrate load plotted against average flow rate for
(A) Thames and (B) Liverpool Bay.
There has been a large and statistically significant increase
(p < 0.001) in the ratio N:P in riverine loads to both the Thames
estuary (Figure 2D) and Liverpool Bay (Figure 3D) since 1994
due to a larger relative decrease in P compared to N. In the
Thames, N:P was a minimum of 9.8:1 in 1997, well below the
Redfield ratio of 16:1, increasing to a maximum of 31.7:1 in 2006,
well above Redfield ratio. In Liverpool Bay, the N:P ratio was
a minimum of 19.2:1 in 1997, just above the Redfield ratio and
reached a maximum of 31.1:1 in 2006, well above Redfield ratio.
The statistical significance of the trends in nutrient loads and N:P
to Thames and Liverpool Bay marine areas are summarized in
Supplementary Table 4.
Application of the Assessment Indicators
and Metrics
Outcomes Relative to Assessment Thresholds
In the Thames, all transitional assessment areas exceed the
threshold for DIN (OSPAR andWFD) andN:P (OSPAR) (Table 1
and Figure 5). Salinity-normalized DIN ranges from 133.0 to
288.8 µmol l−1. All coastal assessment areas exceed the DIN
threshold under both the OSPAR indicator and WFD metric,
with salinity-normalized DIN ranging from 38.1 to 67.3 µmol
l−1. The offshore assessment area ‘intermittently stratified’ was
below the thresholds for DIN (OSPAR and WFD) and N:P
(OSPAR), with a mean salinity-normalized DIN of 14.1 µmol
l−1, but there was an insufficient amount of data for making an
assessment for OSPAR DIN over this time period. The salinity-
normalized DIN for the Southern North Sea assessment area
was above the threshold for both OSPAR and WFD (16.3 µmol
l−1) but below the threshold for the OSPAR N:P indicator.
The spatial representativeness is high in most assessment areas,
with a few notable exceptions including the salinity-defined
transitional area, Hamford Water DIP, salinity-defined coastal
area and intermittently stratified eco-hydrodynamic area. The
temporal representativeness is low for the intermittently stratified
ecohydrodynamic area, variable in the WFD transitional and
coastal assessment areas and high for the salinity-defined,
turbidity-defined and ecohydrodynamic areas.
In Liverpool Bay, all transitional assessment areas (except two
with insufficient data) exceed the OSPAR and WFD threshold
for DIN (Table 2 and Figure 6) and all except one exceed the
N:P OSPAR threshold. Salinity-normalized DIN ranges from
43.2 to 191.5 µmol l−1. Seven of the 12 coastal assessment
areas (one with insufficient data) exceed the OSPAR DIN
threshold and eight of 12 exceed the WFD threshold. Salinity-
normalized DIN ranges from 12.6 to 119.2 µmol l−1. The spatial
representativeness is high in all assessment areas. The temporal
representativeness is more variable with lower values for some of
the WFD transitional and coastal assessment areas.
The 90th percentile growing season mean chlorophyll for
coastal assessment areas was below the threshold (15 µg l−1)
for all areas, ranging between 5.1 and 14.8 µg l−1 (average
8.8 µg l−1, Table 3 and Figure 7). Offshore areas were below
the threshold (10 µg l−1), ranging between 1.0 and 5.6 µg l−1
(average 3.3 µg l−1). One transitional area (Stour in Kent) was
below theminimum threshold (0.6) for the combined chlorophyll
+ phytoplankton metric, with values for all other areas between
0.66 and 1.00 (average 0.87). All coastal and offshore assessment
areas were greater than the minimum threshold for the
combined chlorophyll + phytoplankton metric, with values for
all other areas between 0.72 and 1.00 (average 0.87). The spatial
representativeness for chlorophyll is high in all WFD assessment
areas whereas the temporal representativeness is more variable.
The spatial representativeness for phytoplankton is variable
in the WFD assessment areas and higher than the temporal
representativeness. The spatial and temporal representativeness
for chlorophyll is reasonable in most of the salinity-defined,
turbidity-defined and eco-hydrodynamic areas and greater than
the spatial and temporal representativeness for phytoplankton.
Where there are sufficient data for PI values to be calculated,
PI values for LF1 (diatom-dinoflagellate lifeform pairing) for all
assessment areas show a statistically significant change (p< 0.01)
due to increasing numbers of dinoflagellates in all assessment
areas (Table 3). PI values for the four transitional areas assessed
were between 0.36 and 0.66 (average of 0.47) and for the eight
coastal and offshore areas were between 0.26 and 0.59 (average of
0.40). An example plot for the plume assessment area is shown
in Figure 8, which is typical for all the assessment areas where
there are sufficient data. Except for the transitional assessment
area Stour (Essex), there was no significant trend in PI for LF1.
In Liverpool Bay the 90th percentile growing season mean
chlorophyll for coastal assessment areas was between 1.7 and 20.8
µg l−1 (average 10.6 µg l−1, Table 4 and Figure 9), with three
of the coastal assessment areas (Mersey Mouth, salinity coastal
and Liverpool Bay) exceeding both the OSPAR and WFD coastal
chlorophyll thresholds (15 µg l−1). In addition, Morecambe
Bay exceeds the WFD coastal chlorophyll threshold. The results
Frontiers in Marine Science | www.frontiersin.org 10 April 2019 | Volume 6 | Article 116
Greenwood et al. Assessing Eutrophication Across Salinity Ranges
FIGURE 5 | Outcomes for the OSPAR DIN assessment (left) and WFD DIN assessment (right) for Thames Estuary.
against the WFD combined chlorophyll+ phytoplankton metric
give very nearly the same result; the values for the combined
metric for Morecambe Bay, salinity coastal and Liverpool Bay
are below the minimum threshold of 0.6, while Mersey Mouth
just exceeds the threshold with a value of 0.62. Across all coastal
areas, values for the combined chlorophyll + phytoplankton
metric ranged between 0.55 and 0.94 (average 0.74). In the
transitional assessment areas, values of the combined chlorophyll
+ phytoplankton metric were between 0.27 and 0.89 (average
0.47), with six of the eight transitional assessment areas below
the minimum threshold (0.6). The spatial representativeness
for chlorophyll is 100% in all WFD assessment areas whereas
the temporal representativeness is more variable. The spatial
representativeness for phytoplankton is 100% in the WFD
assessment areas except for three WFD coastal water bodies
where there are no phytoplankton data. The levels of spatial and
temporal representativeness for chlorophyll and phytoplankton
are high in most of the salinity-defined, turbidity-defined and
eco-hydrodynamic areas.
Where there are sufficient data for PI values to be calculated,
PI values for LF1 (diatom-dinoflagellate lifeform pairing) for all
assessment areas show a statistically significant change (p<0.01)
driven by increasing numbers of dinoflagellates in all typologies
(Table 4). PI values for the two transitional areas assessed were
between 0.03 and 0.05 (average of 0.04) and for the seven coastal
areas were between 0.07 and 0.28 (average 0.14). An example
for the plume assessment area is shown in Figure 8, which is
typical of the other assessment areas where there are sufficient
data. Lower PI values in Liverpool Bay indicate that changes
in Liverpool Bay are greater than in the Thames. Across all
assessment areas, the average PI for LF1 for Liverpool Bay is 0.12
compared to 0.42 for Thames. There were no significant trends
in LF1.
In the Thames estuary, the 5th percentile DO concentrations
(WFD metric) for the Thames (middle) and the transitional
salinity assessment areas are below the oxygen minimum
threshold (4.5 and 4.6mg l−1 respectively, Table 5). In all
other transitional assessment areas, the 5th percentile DO
concentrations are between 5.3 and 7.5mg l−1 (average 6.1mg
l−1), greater than the minimum oxygen threshold. In coastal and
offshore assessment areas, the 5th percentile DO concentrations
are above the minimum threshold (4.0mg l−1), with values
ranging between 6.2 and 8.0mg l−1 (average 7.0mg l−1) and the
means of the lower 25th percentile (OSPAR indicator) are greater
than the minimum oxygen threshold of 6mg l−1. The spatial
representativeness for DO is high in nearly all WFD assessment
areas whereas the temporal representativeness is more variable.
The spatial and temporal representativeness for DO in the
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FIGURE 6 | Outcomes for the OSPAR DIN assessment (left) and WFD DIN assessment (right) for Liverpool Bay.
salinity-defined, turbidity-defined and eco-hydrodynamic areas
assessment areas is variable, with low values for the Southern
North Sea, intermittently stratified and salinity-transitional
assessment areas.
In Liverpool Bay, the 5th percentile DO concentrations and
means of the lower 25th percentile are greater than the minimum
oxygen thresholds in all assessment areas (Table 6). Values of
5th percentile DO concentrations were between 5.4 and 9.7mg
l−1 (average 7.2) for transitional areas and between 6.5 and
7.5mg l−1 (average 7.0mg l−1) for coastal areas. The spatial
representativeness for DO is 100% in all WFD assessment
areas whereas the temporal representativeness is more variable.
The spatial and temporal representativeness for DO in the
salinity-defined, turbidity-defined and ecohydrodynamic areas
assessment areas is mostly high apart from low spatial
representativeness in the Northeast Irish Sea assessment area.
Comparison of Outcomes Between OSPAR and
WFD Methods
Comparison of the WFD nutrient metric (aggregated over a 10-
year period) with the reporting of the annual OSPAR primary
nutrient indicators gave similar results for both Thames and
Liverpool Bay despite the differences in temporal aggregation.
The WFD nutrient metric is a salinity-normalized winter mean
for the entire 10-year period. The OSPAR nutrient indicator
is the same but assessed on 10 individual years and then
reported as a final assessment based on the number of (non)
exceedances for the 10-year period. In the Thames, there were
some assessment areas with missing years where there were
insufficient data to make an overall assessment against OSPAR
DIN, but a value of WFD salinity-normalized DIN was always
calculated for the entire 10-year period (Table 1). There were
three notable differences in the DIN outcomes for Liverpool
Bay where both Mersey Mouth and Liverpool Bay plume areas
passed the OSPAR DIN assessment but exceeded the WFD
salinity-normalized threshold. In contrast, Morecambe Bay failed
the OSPAR DIN assessment but was below the WFD salinity-
normalized threshold (Table 2).
The Thames coastal and offshore assessment areas have the
same outcomes against the OSPAR chlorophyll indicator and
the WFD phytoplankton metric (Table 3). The only differences
were the assessment areas for where there was insufficient data
to make an overall assessment against the OSPAR chlorophyll
indicator. For Liverpool Bay, the outcomes against the OSPAR
chlorophyll indicator, WFD coastal chlorophyll indicator and
the WFD combined chlorophyll + phytoplankton metric
were the same except for the Morecambe Bay assessment
area (Table 4).
Outcomes for the coastal assessment areas in Thames and
Liverpool Bay against the OSPAR DO indicator and WFD DO
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FIGURE 7 | Outcomes for the OSPAR chlorophyll-a assessment (left) and WFD combined chlorophyll-phytoplankton assessment (right) for Thames Estuary.
metric were the same, although different thresholds and different
statistics were applied in the two assessment processes.
DISCUSSION
Freshwater Nutrient Loads
Recent concerns about changing nutrient ratios (Turner et al.,
2003; Philippart et al., 2007; Grizzetti et al., 2012; Paerl et al., 2014;
Burson et al., 2016) highlight the impact of altered nutrient ratios
on phytoplankton communities as a worldwide problem that
needs to be considered in the future assessment of eutrophication
levels in UK marine waters. Bowes et al. (2018) have shown
that concentrations of phosphorous in the upper river Thames
have decreased since 1997. These reductions are attributed to
improved phosphorous stripping at sewage treatment works
leading to reduced phosphorous loads from eﬄuent rather than
a reduction in agricultural inputs of phosphorous. A small
reduction in nitrate was attributed to a reduction in diffuse
sources such as agricultural inputs and not a reduction in nitrate
load in sewage eﬄuent. The changes in riverine nutrient loads
observed in this study support the outcomes of these studies and
highlight that policies targeted at reducing nutrient loads have
led to significant decreases in DIP. However, there have been no
significant decreases in DIN, particularly nitrate, and effective
measures which also target reductions in nitrate are required to
counter the significant increase in N:P observed.
The strong correlation between nitrate and river flow in the
Thames (Figure 4A) suggests that nitrate sources to the Thames
are dominated by diffuse sources (e.g., agricultural run-off).
The correlation between nitrate and river flow is weaker in
Liverpool Bay (Figure 4B). This may be because the nutrient
load to Liverpool Bay comes from numerous rivers, the relative
proportion of which have changed between 1994 and 2016. In
addition, a mixed signal from point sources which are invariant
with river flow (e.g., sewage treatment and industrial discharge)
and diffuse sources such as agricultural run-off may lead to a
weaker correlation between nitrate load and river flow.
Intra-annual Variability
The seasonal cycle in inorganic nutrients in the Thames displays
maximum concentrations in the winter between December to
March and a drawdown in April to June coincident with
the documented spring bloom (Weston et al., 2008; Blauw
et al., 2012). Concentrations of silicate reach a minimum before
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FIGURE 8 | Plankton Index results for the Thames (top) and Liverpool Bay (bottom) plume typologies. The plots on the left show the data for 2006 to 2012 plotted
compared to the reference envelope (2013–2015) in gray. The time series on the right show log10 (cell counts) for diatoms and dinoflagellates. Small black dots in the
time series represent every observation, and the colored points (and line connecting them) match those in the PI diagram with colors indicating season: The reference
period data (highlighted in gray in the timeseries) are not shown in the PI diagram. Dark blue: December–February, light blue = March–May, yellow = June–August, red
= September–November.
minimum concentrations of ToxN are observed. The PI analysis
shows a strong seasonal cycle in the phytoplankton community
abundance and composition at both study sites. Abundance is
lowest at both sites in the winter months from December to
February. The Thames shows a peak in diatom abundance in
March and April, which generally decreases during June through
November (Figure 8). Dinoflagellate abundance is greatest in
May and June then decreases throughout the summer. The
strong seasonal cycle in chlorophyll and the seasonal succession
in phytoplankton community has been previously reported
in Weston et al. (2008). Initially dominated by diatoms, the
spring bloom then switches to dinoflagellates as silicate becomes
limiting. After the spring bloom, diatoms dominate the lower
summer phytoplankton biomass and microzooplankton play an
important role in controlling phytoplankton growth during the
summer (Weston et al., 2008). Blauw et al. (2012; Blauw et al.,
2018) demonstrated that in the Thames, horizontal and vertical
physical mixing processes driven by the tides are important in
controlling phytoplankton concentrations at short time scales.
At longer time scales of weeks to months, biological growth and
loss processes driven by nutrients and light are important in
controlling phytoplankton concentrations.
Previous studies have demonstrated that the seasonal cycle
of winter maximum nutrient concentrations in February and
drawdown in April/May in Liverpool Bay are recurrent features
of this location, with the timing of the drawdown varying
by several weeks between years (Foster et al., 1978, 1982a,b,
1983; Gowen et al., 2000; Greenwood et al., 2011, 2012).
Concentrations of chlorophyll are low between November
and March, peak in April and May and gradually decrease
from June onwards. The PI analysis shows that diatom
abundance is elevated between March and September with
highest dinoflagellate abundances between May and September
(Figure 8). Previous analysis has shown that at the Liverpool Bay
SmartBuoy site the phytoplankton community is dominated by
diatoms, with dinoflagellates most abundant between July and
October each year (Greenwood et al., 2010, 2011). The variability
in the underwater light climate and turbulent mixing are key
factors controlling the timing of phytoplankton blooms.
Comparison of Outcomes From OSPAR
and WFD Tools
Using nutrients, chlorophyll and dissolved oxygen is a good
baseline for the assessment of eutrophication and, with
appropriate thresholds, can provide a useful tool to assess
the extent and impact of nutrient enrichment. The results
of the assessments show that the current OSPAR and WFD
assessment processes for eutrophication that are utilized in UK
waters perform well in a cross comparison, showing similar
outcomes from the application of the three primary indicators.
Eutrophication in UK waters has typically been managed as
a coastal issue, constrained to a small number of estuarine
and coastal waters (WFD outcomes presented in UK National
Report, 2017). Applying the primary indicators through both
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FIGURE 9 | Outcomes for the OSPAR chlorophyll-a assessment (left) and WFD combined chlorophyll-phytoplankton assessment (right) for Liverpool Bay.
the WFD and OSPAR assessment approaches shows similar
outcomes in the coastal assessment areas tested in this study.
This is interesting given that the use of salinity and riverine
plume-derived areas has extended the coastal areas beyond the
one nautical mile of the coastal WFD typology. The estuarine
assessment areas, which include both the WFD transitional
waters and the salinity-defined estuarine area fail against the
nutrient metrics under both assessment approaches, as would
be expected in the heavily modified sub-catchment areas of the
Thames estuary (Figure 5) and Liverpool Bay (Figure 6). The
outcomes for the nutrient metrics in the coastal waterbodies are
also similar between the WFD and OSPAR process. However,
Harwich Approaches, Norfolk East and Hamford Water do
have different outcomes between the WFD and OSPAR nutrient
assessment, which is more a reflection of the limited data in
several of the years than differences in assessment processes,
highlighting the sensitivity of the assessments to data frequency.
The salinity-defined coastal areas, the turbidity-defined plume,
the ecohydrodynamic areas and the COMP2 assessment areas
all have similar outcomes in the nutrient assessment, with
nearly all the areas failing both the WFD and OSPAR nutrient
assessment. The exception is the intermittently stratified areas,
which pass the WFD nutrient assessment. The only assessment
area that does not fail the nutrient assessment is the larger
ecohydrodynamic areas, which reflects the larger offshore, less
riverine-influenced area.
The chlorophyll metric could not be compared across
the WFD and OSPAR metrics as only the WFD process
has a chlorophyll metric for transitional waters. For the
transitional assessment areas in the Thames, the chlorophyll
metric only fails in one waterbody (Stour), reflecting the high
turbidity and light-limiting characteristics of these eastern
waterbodies. In contrast, the transitional assessment areas
of Liverpool Bay have only two (out of eight) waterbodies
(Dee and Wyre) that pass the chlorophyll sub-metric,
reflecting the clearer waters with potential for higher
phytoplankton growth (Cole and Cloern, 1987; Painting
et al., 2007).
The coastal chlorophyll metrics for WFD and OSPAR
include the assessment of the 90th percentile value of
chlorophyll during the growing season. The OSPAR metric
is based solely on the 90th percentile chlorophyll value
whereas the WFD process has three sub-metrics: the 90th
percentile chlorophyll value, phytoplankton counts andmeasures
Frontiers in Marine Science | www.frontiersin.org 18 April 2019 | Volume 6 | Article 116
Greenwood et al. Assessing Eutrophication Across Salinity Ranges
T
A
B
L
E
5
|
S
u
m
m
a
ry
o
f
o
u
tc
o
m
e
s
fo
r
o
xy
g
e
n
a
ss
e
ss
m
e
n
t
to
o
ls
fo
r
T
h
a
m
e
s
e
st
u
a
ry
.
S
a
li
n
it
y
c
la
s
s
ifi
c
a
ti
o
n
W
a
te
r
b
o
d
y
ty
p
e
a
re
a
(k
m
2
)
b
e
lo
w
O
S
P
A
R
th
re
s
h
o
ld
6
m
g
l−
1
W
F
D
5
th
p
e
rc
e
n
ti
le
(m
g
l−
1
)
W
F
D
th
re
s
h
o
ld
(m
g
l−
1
)
d
a
ta
re
p
re
s
e
n
ta
ti
v
e
n
e
s
s
(%
)
W
F
D
O
S
P
A
R
T
im
e
S
p
a
c
e
T
im
e
S
p
a
c
e
T
W
F
D
tr
a
n
si
tio
n
a
l
D
e
b
e
n
8
6
.8
>
−
0
.0
2
8
6
*S
+
5
9
3
1
0
0
T
h
a
m
e
s
L
o
w
e
r
2
0
1
6
.2
4
1
1
0
0
B
u
re
,
W
a
ve
n
e
y,
Y
a
re
,
a
n
d
L
o
th
in
g
9
6
.3
8
9
1
0
0
B
ly
th
(S
)
3
6
.1
1
7
1
0
0
A
ld
e
&
O
re
1
1
7
.5
5
6
1
0
0
O
rw
e
ll
2
6
5
.8
8
9
1
0
0
S
to
u
r
(E
ss
e
x)
2
6
6
.5
9
2
1
0
0
C
ro
u
c
h
2
4
5
.3
9
4
1
0
0
C
o
ln
e
9
5
.9
9
7
1
0
0
B
la
c
kw
a
te
r
4
3
6
.8
7
8
1
0
0
S
to
u
r
(K
e
n
t)
5
6
.6
3
4
1
0
0
T
h
a
m
e
s
M
id
d
le
2
7
4
.5
4
1
1
0
0
M
e
d
w
a
y
5
7
6
.0
4
0
1
0
0
S
w
a
le
2
9
6
.2
3
8
1
0
0
sa
lin
ity
d
e
fin
e
d
Tr
a
n
si
tio
n
a
l
4
6
6
4
.6
4
2
3
3
C
W
F
D
c
o
a
st
a
l
T
h
a
m
e
s
C
o
a
st
a
lN
o
rt
h
4
3
−
−
−
−
−
−
−
−
?
?
7
.3
4
4
1
1
0
0
4
3
1
0
0
K
e
n
t
S
o
u
th
2
1
8
−
−
−
−
−
?
−
−
−
−
6
.7
8
7
1
0
0
8
0
1
0
0
E
ss
e
x
1
,1
9
6
−
−
−
−
−
?
−
−
−
−
7
.1
9
6
1
0
0
9
0
7
3
S
u
ff
o
lk
1
4
7
?
?
?
?
?
+
−
−
?
?
6
.7
7
9
1
0
0
3
0
1
0
0
K
e
n
t
N
o
rt
h
4
5
0
−
−
−
−
−
?
−
−
−
−
7
.2
8
0
6
7
8
5
6
7
W
h
its
ta
b
le
B
a
y
2
6
?
?
?
?
?
?
−
−
−
−
6
.5
3
7
1
0
0
3
5
1
0
0
T
h
a
m
e
s
C
o
a
st
a
lS
o
u
th
7
7
−
−
−
−
−
?
−
−
−
−
7
.2
7
7
1
0
0
7
8
1
0
0
H
a
rw
ic
h
A
p
p
ro
a
c
h
e
s
2
4
−
?
?
?
−
−
−
−
?
?
6
.9
3
8
1
0
0
4
0
1
0
0
B
la
c
kw
a
te
r
O
u
te
r
4
9
−
−
−
−
−
−
−
−
−
−
6
.9
8
5
1
0
0
8
8
1
0
0
N
o
rf
o
lk
E
a
st
1
1
0
?
?
?
?
?
?
?
?
?
?
7
.1
2
8
1
0
0
0
0
H
a
m
fo
rd
W
a
te
r
1
1
−
−
−
−
−
?
−
−
−
−
6
.9
8
0
1
0
0
8
5
1
0
0
sa
lin
ity
d
e
fin
e
d
C
o
a
st
a
l
2
,3
5
1
+
−
−
−
−
−
−
−
+
−
6
.5
1
0
0
4
9
1
0
0
3
7
tu
rb
id
ity
d
e
fin
e
d
P
lu
m
e
5
,7
2
4
−
−
−
−
−
−
−
−
−
−
6
.6
1
0
0
1
0
0
1
0
0
5
4
e
c
o
h
yd
ro
-d
yn
a
m
ic
P
e
rm
a
n
e
n
tly
m
ix
e
d
1
,8
9
6
−
−
−
−
−
+
−
−
−
−
6
.4
9
9
5
2
9
8
1
7
O
In
te
rm
itt
e
n
tly
st
ra
tifi
e
d
1
2
,3
2
1
?
-?
?
?
?
?
?
?
?
8
.0
3
4
3
4
C
C
O
M
P
2
E
a
st
A
n
g
lia
3
,9
4
5
−
−
−
−
−
−
−
−
−
−
6
.6
1
0
0
9
3
1
0
0
5
8
O
S
o
u
th
e
rn
N
o
rt
h
S
e
a
8
,2
7
5
−
−
−
−
−
?
−
−
−
−
6
.2
9
3
4
6
8
5
1
1
+
in
d
ic
a
te
s
b
e
lo
w
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
n
n
u
a
l);
−
in
d
ic
a
te
s
a
b
o
ve
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
n
n
u
a
l);
?
in
d
ic
a
te
s
in
s
u
ffi
c
ie
n
t
d
a
ta
to
m
a
ke
a
n
a
s
s
e
s
s
m
e
n
t
(a
n
n
u
a
l);
re
d
in
d
ic
a
te
s
b
e
lo
w
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
);
g
re
e
n
in
d
ic
a
te
s
a
b
o
ve
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
);
b
la
c
k
in
d
ic
a
te
s
in
s
u
ffi
c
ie
n
t
d
a
ta
to
m
a
ke
a
n
a
s
s
e
s
s
m
e
n
t
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
).
Frontiers in Marine Science | www.frontiersin.org 19 April 2019 | Volume 6 | Article 116
Greenwood et al. Assessing Eutrophication Across Salinity Ranges
T
A
B
L
E
6
|
S
u
m
m
a
ry
o
f
o
u
tc
o
m
e
s
fo
r
o
xy
g
e
n
a
ss
e
ss
m
e
n
t
to
o
ls
fo
r
L
iv
e
rp
o
o
lB
a
y.
D
a
ta
re
p
re
s
e
n
ta
ti
v
e
n
e
s
s
(%
)
W
F
D
O
S
P
A
R
S
a
li
n
it
y
c
la
s
s
ifi
c
a
ti
o
n
W
a
te
r
b
o
d
y
ty
p
e
N
a
m
e
a
re
a
(k
m
2
)
b
e
lo
w
O
S
P
A
R
th
re
s
h
o
ld
6
m
g
l−
1
W
F
D
5
th
p
e
rc
e
n
ti
le
(m
g
l−
1
)
W
F
D
th
re
s
h
o
ld
(m
g
l−
1
)
T
im
e
S
p
a
c
e
T
im
e
S
p
a
c
e
T
W
F
D
tr
a
n
si
tio
n
a
l
D
e
e
(N
.
W
a
le
s)
1
0
9
7
.4
>
−
0
.0
2
8
6
*S
+
5
8
5
1
0
0
M
e
rs
e
y
8
0
6
.0
9
9
1
0
0
A
lt
0
.3
9
.7
3
1
0
0
R
ib
b
le
4
5
6
.9
9
1
1
0
0
L
u
n
e
3
7
.5
9
5
1
0
0
W
yr
e
6
6
.9
8
7
1
0
0
L
e
ve
n
2
9
7
.6
4
2
1
0
0
K
e
n
t
9
8
7
.1
3
6
1
0
0
E
sk
(W
)
4
7
.8
2
0
1
0
0
sa
lin
ity
d
e
fin
e
d
Tr
a
n
si
tio
n
a
l
4
0
3
5
.4
1
0
0
1
0
0
C
W
F
D
c
o
a
st
a
l
M
e
rs
e
y
M
o
u
th
4
2
1
−
−
−
−
−
−
−
−
−
−
6
.6
4
9
6
1
0
0
9
5
1
0
0
A
n
g
le
se
y
N
o
rt
h
1
2
6
?
−
−
−
?
?
?
?
?
?
7
.6
1
2
1
0
0
8
1
0
0
N
o
rt
h
W
a
le
s
1
4
6
?
−
−
−
−
−
−
−
−
−
6
.8
4
3
1
0
0
4
8
1
0
0
M
o
re
c
a
m
b
e
B
a
y
3
6
2
−
−
−
−
−
−
−
−
−
−
6
.7
9
8
1
0
0
9
5
1
0
0
D
u
d
d
o
n
S
a
n
d
s
2
8
−
−
?
?
?
?
?
−
−
−
7
.3
4
3
1
0
0
3
5
1
0
0
C
u
m
b
ria
2
0
9
?
?
?
?
?
?
–?
-
7
.5
5
7
1
0
0
3
0
1
0
0
sa
lin
ity
d
e
fin
e
d
C
o
a
st
a
l
1
,4
0
0
−
−
−
−
−
−
−
−
−
−
6
.8
1
0
0
3
6
1
0
0
2
9
tu
rb
id
ity
d
e
fin
e
d
P
lu
m
e
1
,7
9
2
−
−
−
−
−
−
−
−
−
−
6
.8
9
9
1
0
0
1
0
0
1
0
0
e
c
o
h
yd
ro
-d
yn
a
m
ic
in
te
rm
itt
e
n
tly
st
ra
tifi
e
d
2
,4
7
4
−
−
−
−
−
−
−
−
−
−
6
.5
9
6
1
0
0
9
3
1
0
0
p
e
rm
a
n
e
n
tly
m
ix
e
d
9
4
3
−
−
−
−
−
−
−
−
−
−
6
.8
9
4
1
0
0
9
3
1
0
0
R
O
F
I
5
,7
8
5
−
−
−
−
−
−
−
−
−
−
7
.0
9
6
1
0
0
9
3
1
0
0
C
O
M
P
2
L
iv
e
rp
o
o
lB
a
y
2
,0
6
4
−
−
−
−
−
−
−
−
−
−
6
.7
1
0
0
1
0
0
1
0
0
1
0
0
N
o
rt
h
e
a
st
Ir
is
h
S
e
a
8
,8
6
9
—
—
–?
–
7
.5
8
4
1
7
6
5
7
+
in
d
ic
a
te
s
b
e
lo
w
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
n
n
u
a
l);
−
in
d
ic
a
te
s
a
b
o
ve
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
n
n
u
a
l);
?
in
d
ic
a
te
s
in
s
u
ffi
c
ie
n
t
d
a
ta
to
m
a
ke
a
n
a
s
s
e
s
s
m
e
n
t
(a
n
n
u
a
l);
re
d
in
d
ic
a
te
s
b
e
lo
w
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
);
g
re
e
n
in
d
ic
a
te
s
a
b
o
ve
m
in
im
u
m
o
xy
g
e
n
th
re
s
h
o
ld
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
);
b
la
c
k
in
d
ic
a
te
s
in
s
u
ffi
c
ie
n
t
d
a
ta
to
m
a
ke
a
n
a
s
s
e
s
s
m
e
n
t
(a
ll
ye
a
rs
a
g
g
re
g
a
te
d
).
Frontiers in Marine Science | www.frontiersin.org 20 April 2019 | Volume 6 | Article 116
Greenwood et al. Assessing Eutrophication Across Salinity Ranges
of seasonal succession of two major phytoplankton groups
(diatoms and dinoflagellates). Despite the differences in the
chlorophyll process, the comparison between WFD, OSPAR
and salinity/turbidity-defined assessment areas shows similar
outcomes for the Thames, with the assessment values not
exceeding the thresholds in any coastal, salinity, plume defined
or offshore areas (Figure 7). These non-exceedances represent
the higher turbidity waters limiting phytoplankton growth, which
can be seen in those lower values of biomass and abundances.
These higher turbidity waters seem to extend further offshore
into the larger coastal assessment areas. In Liverpool Bay there
is also good comparability between results for the OSPAR
and WFD chlorophyll assessments, apart from Morecambe
Bay, which fails the WFD phytoplankton multimetric but not
the OSPAR criteria. Interestingly, the salinity-defined coastal
area (Figure 9) exceeds both the WFD and OSPAR criteria,
suggesting that this larger assessment area would have a
different outcome than the smaller WFD coastal areas. This
may be due to decreasing turbidity in the salinity-defined
coastal area, with increasing distance from the coast that
permits greater phytoplankton growth and therefore elevated
chlorophyll concentrations. In contrast, turbidity in the turbidity
defined plume limits phytoplankton growth, and therefore
chlorophyll concentrations are below the assessment threshold
(Cole and Cloern, 1987; Painting et al., 2007).
The outcome for the dissolved oxygen assessment in
transitional assessment areas shows that most of the transitional
waters for Thames and Liverpool Bay do not fail the DO
threshold. The exceptions are the Thames Middle transitional
water and the salinity-defined transitional assessment area,
which are similar areas and therefore have very similar results
(Figure 1). The DO value for the salinity-defined transitional
area in Liverpool Bay is lower than what is calculated for the
individual WFD transitional waterbodies. This is because the
salinity-defined transitional area is very coastal (Figure 1) and
does not necessarily encompass the whole WFD transitional
waterbodies and therefore only includes the very coastal subset
of the WFD transitional data. The outcomes for the dissolved
oxygen metrics are similar across the WFD and OSPAR criteria
and are also similar across all the different assessment areas. The
DO values calculated by the 5th percentile do change, with lower
values in the transitional waters, increasing in all the coastal and
offshore waterbodies.
To date in the UK, assessments made under WFD and
OSPAR have not been integrated, and exceedances under the
OSPAR assessment have not fed back into the program of
measures under the WFD. However, assessments under the
MSFD include WFD coastal waters and use some of the
WFD tools for part of the assessment of Good Environmental
Status, applied at a broader scale than an individual WFD
water body. Therefore, in the future the WFD will provide
support for the achievement of Good Environmental Status in
marine waters. The thresholds used in the WFD and OSPAR
assessments were developed at a time of limited data (prior
to 2007). Given the advances in remote sensing, modeling and
improved data collection, it is timely to consider testing of
these thresholds to ensure they are still appropriate, such as is
happening under the project JMP-EUNOSAT (Joint Monitoring
Programme of the Eutrophication of the North Sea with Satellite
data, 2017–2019). The UK chlorophyll threshold values were
derived from the background nutrient concentration, assuming
a constant Redfield C:N ratio and set C:Chlorophyll values
(Foden et al., 2011). Recent research has shown seasonal
variability in the uptake of carbon and phosphorous in shelf
seas, which deviates from Redfield (Davis et al., in press;
Poulton et al., in press). Therefore, reviewing the current
chlorophyll thresholds in light of this recent research would
be appropriate.
Additional Assessment Areas and Tools
The WFD transitional and coastal waterbodies are useful to flag
issues at the fine spatial scale, and the smaller scale of these
assessments is required to direct back to programs of measure
and river basin management plans. Temporal representativeness
is low in some cases, but this is expected given that they
represent very small spatial areas. In the Thames estuary, the
turbidity-defined plume assessment area is a large reporting area
that represents the area of both the salinity-derived transitional
and coastal assessment areas, and therefore represents one
of the only fully integrated “catchment to coast” assessment
areas. In Liverpool Bay, however, the plume assessment area
includes the salinity transitional and only a fraction of the
salinity coastal assessment areas. The additional process that
reports across the salinity gradient, and fully encompasses the
riverine influence of these large UK catchments, could provide
an important component in understanding the links between
river basins, land use information and downstream impacts. The
smaller scale WFD waterbodies have been successfully used in
identifying direct source impact, with the larger scale COMP2
areas providing a full assessment of any potential offshore issues.
Both these processes could be improved by the addition of a
more intermediate assessment area, providing information on
the direct and diffuse nutrient loads and the full extent of
these riverine loads and potential impact. In this paper we used
turbidity to define such an intermediate assessment area. The
Forel Ule (FU) scale is a color comparator scale used to classify
the color of the oceans, regional seas and coastal waters. Remote-
sensing algorithms have been developed to classify water bodies
from satellite imagery (Wernand et al., 2013), and the FU scale
could be used as a standardized way of defining the extent of
riverine influence. In addition, ecosystem models can be used to
track the extent of riverine influence on the marine environment
(e.g., Figure 4 in Painting et al., 2013).
The outcomes of the lifeform tool (Tett et al., 2008;
McQuatters-Gollop et al., 2019) show that the phytoplankton
communities in many of the assessment areas have changed
in relation to the diatom and dinoflagellate counts. Whilst
many of the assessment areas show a change in the PI value,
signifying a change between the reference period (2013–2015)
and the assessment period (2006–2012), there is not a statistically
significant linear trend over the assessment period. However, the
counts of diatoms and dinoflagellates in the assessment areas
show an increasing number of dinoflagellates in the last few years
(see Figure 8). Whilst it is difficult to ascertain if a change in
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plankton community is a negative one, it does demonstrate that
the more established primary indicators that measure biomass
and abundances may not be measuring these more complex
changes in the phytoplankton community. Future assessment of
phytoplankton metrics could include these type of measures to
improve our understanding of community changes as well as the
more traditional eutrophication indicators.
A protocol is being developed by the wider research
community to use PI values to identify key stressors
(McQuatters-Gollop et al., 2019). Low PI values observed
here, indicating changes in plankton community in terms of
the diatom and dinoflagellate lifeforms, appear to be driven in
Liverpool Bay by increasing counts of dinoflagellates, especially
during winter months, and in the Thames by increasing
summertime dinoflagellate counts. These changes appear
consistent across the different typologies we explore, with
low PI values calculated in all areas with sufficient data. The
drivers of community change require further investigation, but
likely include changing phytoplankton counts vs. biomass and
cumulative pressures including temperature and eutrophication.
CONCLUSION
The outcomes of this study show that there have been
significant reductions in loads to these two large UK catchments
for some nutrients, particularly for phosphorus. However,
the management of phosphorous has been more successful
than management of diffuse nitrogen loads, reflected in the
increasing nutrient ratios and a common problem facing many
coastal waters in the UK, Europe and internationally. The
range of tools or metrics available to assess the impact of
these changing nutrient loads are explored in this paper and
show a great degree of consistency in different approaches
across the WFD and OSPAR process. Many criteria still show
similar outcomes despite slight differences in aggregation. The
testing of more ecologically appropriate areas, as defined by
salinity or riverine plume influence also show a degree of
consistency when applying the different assessment metrics.
The use of riverine plume and salinity-derived areas do
show that the coastal issues of high nutrients and elevated
phytoplankton biomass can extend beyond the narrow WFD
coastal areas and could be a useful approach for future
assessments when looking across the full salinity continuum.
Additionally, the use of the phytoplankton lifeform tool, whilst
not a typical approach in the eutrophication assessment process,
highlights the importance of understanding community change
in relation to the long-term nutrient shifts and should also
be considered as part of a future eutrophication assessment
process.
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